In this investigation, the abrasive wear resistance of Al/ (B4C+SiC) hybrid nanocomposites was tested against hard SiC abrasive sheets and compared to those of unreinforced Al alloy. Three loadings of nano-SiC (0.5, 1.0, and 1.5 Wt. %) and one loading of nano-B4C (0.5 Wt. %) were mixed with an aluminium alloy to produce the aluminium hybrid nanocomposites using an ultrasonication assisted casting method. Scanning electron microscopy showed a uniform distribution of nanoparticles in the Al alloy. Transmission electron microscopy indicated an increase in the dislocation density of nanocomposites compared to monolithic Al. The abrasive wear experiments were conducted on a Pin-on-Disc tribometer using pins of 9 mm diameter and 15 mm height under dry sliding conditions at room temperature. The wear rate in terms of wear volume per unit weight was calculated for both unreinforced alloy and hybrid nanocomposites. It was observed that Al hybrid nanocomposites showed superior wear resistance properties compared to the unreinforced sample. The nanocomposite with 1.5 Wt.% nano-SiC and 0.5 Wt.% nano-B4C possessed better wear resistance properties compared to the other composites tested in this work. The worn out surface of the Al alloy and its hybrid nanocomposites imply that the wear mechanism is through plowing action on the surface by SiC abrading particulates. The nanocomposite with 1.5 Wt.% SiC and 0.5 Wt.% B4C showed 88.32 % increase in wear resistance compared to the monolithic Al. This combination of material can be selected for abrasive wear resistance applications.
INTRODUCTION
The possibility of producing metal matrix composites (MMCs) with tailor-made properties has led to their applications in different fields of engineering including automobile, aircraft, marine, and sports industries [1] [2] [3] [4] [5] . The MMCs containing particulate reinforcements have homogenous properties which are attractive to design engineers due to their easy adaptability to current design practices. The near-net-shape production of MMCs using conventional methods makes these materials more striking even from the point of view of manufacturing components. However, the high cost associated with the presently available MMCs remains a major barrier to their widespread use. Aluminium alloys reinforced with micro-ceramic particulates generally referred as Al-metal matrix composites (Al-MMCs) are gaining widespread attractiveness in several engineering fields due to their better mechanical and wear resistance properties compared to their unreinforced counterparts [6] [7] [8] [9] . Nowadays, Al-MMCs are being used as base materials in several applications such as pistons, pushrods, cylinder liners, and brake discs. Particulate reinforced Al-MMCs have gained broad applications in automotive and aerospace industries due to their enhanced properties [10] [11] [12] . These include low density, high specific strength and stiffness, good fatigue properties, dimensional stability at high temperatures, and adequate tribological properties [11, 13] . The wear properties of TiC particulates reinforced Al-matrix composites were analysed by Ramakoteswararao et al. [14] . The use of metal matrix composites for automotive applications was studied by Fatchurrohman et al. [15] . The attractive features of metal matrix composites have influenced their use in automobile brake pad applications [16] . The erosive wear behaviour of SiC particulates reinforced with Al-metal matrix composites was systematically analysed by Khan and Dixit [17] . However, the above works have mainly focused on the effect of micron-sized particulates on metal matrices. With the reduction of the ceramic particulates' size from micro to nano, the mechanical and wear resistance properties of MMCs can be further improved.
The use of nanocomposites is gaining importance in the last two decades [18] . Due to its excellent resistance to abrasion and low density, boron carbide (B4C) can be used as a reinforcing material with many matrix materials. However, its high cost has prevented its widespread use. Silicon carbide (SiC) being a cheaper reinforcement compared to B4C is instead used in most of the applications. In this work, an attempt has been made to utilise B4C and SiC at optimum levels in Al to increase its abrasive wear resistance properties.
The uniform mixing of nanoparticles is a major obstacle in nanocomposite manufacturing. One method which guarantees the uniform mixing of nanoparticles in the metal melt is the ultrasonic cavitation-assisted casting process. In this method, a high intensity of cyclic sound waves is introduced in the metal melt, which in turn induces the cavitation effect. The formation and collapse of these cavitation bubbles develop a huge amount of energy which helps to uniformly distribute the nanoparticles in the metal melt [18, 19] . The abrasive wear behaviour of Al-composites has been studied by various authors. Most of the works used conventional fabrication methods like stir casting or powder metallurgy for the manufacturing of the composites. Generally, reinforcement powders used in these works are of micrometer size [20] [21] [22] [23] [24] . Only very few works reported in the area of abrasive wear studies have used Al hybrid composites. By considering the above factors, in this work, we made an attempt to fabricate and study the abrasive wear behaviour of Al hybrid nanocomposites reinforced with the optimum weight percentage of nano-B4C and nano-SiC using a novel ultra-sonication assisted casting method.
MATERIALS AND METHODS

Materials Used
The materials used in this work were 6061 Al alloy nanocomposites reinforced with three different Wt. % of SiC (0.5, 1.0 and 1.5) and a constant Wt. % of B4C (0.5%). Properties of the matrix and reinforcement are provided in Table 1 . They were fabricated via an ultrasonic assisted casting process with an average particle size of 50 nm. Table 2 shows the various materials tested in this study. The materials were chosen such that their densities were closer; hence, segregation or floating of particles in the melt is not a major issue during the casting process. Considering cost-effectiveness, the weight fraction of B4C was maintained constant. The average size of both SiC and B4C nanoparticles is around 50 nm. Due to the large surface area of nanoparticles, even a very small amount of nanoparticles can have a huge impact on the mechanical properties of the composites. 
Synthesis of Hybrid Nanocomposites
The hybrid nanocomposites were synthesised using an ultrasonication assisted casting setup which is shown in Figure 1 . The setup consists of an Al melting furnace, an electrical motor and stirrer, an ultrasonic generator, and an argon gas supply unit. An indigenously fabricated 65 mm diameter and 165 mm length stainless steel (SS) 310-grade crucible was used for melting and processing the hybrid nanocomposites. The gateway and handle provided for the crucible facilitate the easy pouring of the molten material into the preheated die. The flow chart of the experimental procedures for manufacturing hybrid nanocomposites is presented in Figure 2 as a flow chart. The required amount of Al alloy was weighed and melted in the furnace at 700 °C. The alloy melt was choked at this temperature for about 10 minutes. Subsequently, the melt was mechanically stirred for two minutes to obtain a homogeneous mixture of alloy and then, the mixture of SiC and B4C nanoparticulates was slowly added into the molten material from the top of the crucible. Mechanical stirring was continued for 15 minutes to pre-mix the nanoparticulates and also reduce the sonication (ultrasonic processing) time. At the end of mechanical stirring, the stirrer was removed and a Ti horn was dipped in the molten material at 30 mm [19] and the ultrasonic wave generator was switched on. The melt was sonicated for about 30 minutes for all the experiments. During sonication, when the intensity of the ultrasonic waves was greater than that of the liquid Al bonding energy, it broke the liquid Al bonds and developed cavitation bubbles inside the molten material. The implosion of these cavitation bubbles during a high-pressure cycle ensures the breaking of clustered particulates in all directions randomly. Hence, the agglomeration tendencies of nanoparticulates were abridged enormously after efficient ultrasonic processing. The intermittent vibrating mode with pulse ON-OFF time fixed at 1 s and 0.5 s was used for melt processing. The supply of argon gas during processing reduces the reaction between the atmospheric gas and the molten material. During sonication, the viscosity of the melt significantly increases due to the addition of nanoparticulates. Thus, after efficient sonication, a higher casting temperature of 800 °C was used to ensure better flowability of the melt into the preheated steel die.
Abrasive Wear Tests
Abrasive wear tests were performed on a MAGNUM/POD pin-on-disc tribometer ( Figure  3a) . A schematic representation of the abrasive wear experiments is shown in Figure 3 (b). SiC abrasive sheets of grade 1000 were pasted on the disc of the pin-on-disc machine. All the abrasive wear tests were conducted at room temperature and at dry sliding conditions. Five pins of diameter 9 mm and length 15 mm were machined from each weight percentage of hybrid reinforcements. Abrasive tests were carried out by changing the normal load, sliding speed and sliding distance. Test specimens were abraded against the normal load of 10, 20, and 30 N. The other test parameters were: rotating speed 500 rpm and track radius 50 mm. To ascertain the same contact area, the surface of the specimens were ground with 800-grade abrasive paper. Acetone was used to clean the surface of the specimens. An electronic weighing machine with an accuracy of 0.1 mg was used to weigh the specimens before and after each test. Figure 4 shows the scanning electron microscopy (SEM) image of the Al/(0.5 B4C+0.5 SiC) nanocomposite sample. It was noted that the ceramic nanoparticles were uniformly distributed in the Al matrix. Numerous amounts of individual nanoparticles were observed in the Al matrix which was due to the effect created by the high-intensity ultrasonic cavitation process. It was also understood that at this magnification (40X), it is very difficult to distinguish the ceramic particles (SiC or B4C) in the SEM images. Uniformly distributed nanoparticles are the prime reason for the enhanced mechanical properties of the material.
RESULTS AND DISCUSSION
Microstructure
The major strengthening mechanism in the particle reinforced composite materials is its increased dislocation density [25] . To evaluate the increase in dislocation density of the nanocomposite, transmission electron microscopy (TEM) images were taken of the monolithic Al and Al/(0.5 B4C+0.5 SiC) nanocomposite. Compared to the monolithic Al, a very large amount of dislocations was observed in the nanocomposite sample. The increase in dislocation density in nanocomposite is explained in the following manner. The large difference in the coefficient of thermal expansion and elastic modulus mismatch between Al matrix and ceramic nanoparticles generates a huge amount of geometrically necessary dislocations on the nanocomposite samples [25, 26] . In the case of monolithic Al, the same concept is not applicable. 
Microhardness
Microhardness tests were carried out on metallographically polished samples of monolithic Al and hybrid nanocomposites by applying 0.5 kgf of the load for a dwell period of 10 seconds using a Vickers microhardness tester. The tests were performed at three different locations of the specimens in order to contradict the probability of the indenter resting on hard ceramic particles. Microhardness was calculated based on the average of the three readings. The variation of microhardness with Wt.% of hybrid reinforcement is presented in Figure 6 . For comparison, the microhardness of the monolithic Al was also included. It was observed that there was a significant increase in the microhardness values with the reinforcement content. A maximum hardness improvement of about 67 % was observed in the Al/(0.5 B4C+1.5 SiC) nanocomposite compared to the unreinforced Al-alloy. Hard SiC and B4C particles provide the intrinsic property of hardness to the matrix material, thereby enhance its resistance to deformation. Due to the large thermal expansion and elastic modulus mismatch between the ceramic particles and Al alloy, an enormous amount of geometrically necessary dislocations were generated during solidification at the particle-matrix interface area [25] . The increase in dislocation at the interfaces increases the hardness of the materials as the dislocations entangled with each other and thus, reduced plastic deformation [25] . Another factor that contributes to the increase in hardness of the nanocomposite was the large surface to volume ratio of nanoparticles. The large surface area of nano-sized reinforcements increased the particle-matrix interface area, which in turn increased the hardness of the nanocomposites [27] . Figure 7 shows the variation of wear rate of monolithic Al and hybrid nanocomposites as a function of Wt.% of reinforcement at a constant load of 10 N. It was clear that an increase in Wt.% of reinforcement decreased the wear rate. The nanocomposite reinforced with 0.5 Wt.% SiC and 1.5 Wt.% B4C yielded a minimum wear rate between all of the materials tested in this study. For this material, the increase in wear resistance was about 88 % compared to the monolithic Al. This huge amount of increase in wear resistance in nanocomposite is attributed to the inclusion of hard ceramic nanoparticulates (SiC+B4C) which act as the strengthening element. Similar results were previously reported by S. Kumar et al. 2010 and Sanjeev Das et al. 2007 [28, 29] . It was also concluded that the addition of nanoparticulates and the ultrasonication processing of nanocomposites had 
Wear Rate Vs Normal load
The wear rate vs. normal load graph is presented in Figure 8 at a constant rotating speed of 500 rpm. It can be observed that both Al alloy and Al-nanocomposites' wear volume increases with the applied load. The rate of increase of wear volume gradually reduced as the reinforcement content increased. For the same loading conditions, the nanocomposite reinforced with 0.5 Wt.% B4C and 1.5 Wt.% SiC showed the most minimum wear rate. It is well known that smaller sized particles blunt the SiC abrading particles in the abrasive sheet more effectively than larger sized particles. Size reduction of particles actually helps increase their sharpness [30, 31] . The sharp-edged nano-sized ceramic particles help to blunt the abrading silicon carbide particles in the abrasive sheet. Even though the load is increased, the sharp-edged ceramic particles actually assist in reducing the rate of wear. 
Wear rate Vs Speed
The effect of disk rotating speed (rpm) on the wear rate is shown in Figure 9 . The wear rates for the monolithic Al and its hybrid nanocomposites are plotted against rotating speed in Figure 9 . It is immediately apparent that wear rates were higher at higher rotating speeds. Also, the wear rate was steeper for monolithic Al than that of the nanocomposites. Increasing the rotational speed from 400 rpm to 600 rpm increases heat generation in the nugget region, which leads to more softening of the Al matrix due to over aging. The high heat generation induced the matrix softening, which resulted in increased wear rate at higher speeds [23, 32] .
Friction Coefficient Vs Wt.% Reinforcement Figure 10 shows the variation of friction coefficient for the nanocomposites and pure alloy. It should be noted that the friction coefficient of the pure Al and nanocomposite are in the expected range (0.36 to 0.40) for light metals in dry sliding conditions [S. Das-2001] . The friction coefficients of nanocomposites were lower than those of pure Al alloys while sliding under similar conditions. It was shown that in these tests, sample pins of Al alloys deformed plastically, which resulted in high friction coefficient. The lower coefficients of friction in the case of nanocomposites containing hard SiC and B4C nanoparticulates were due to the formation of tribofilm at the interface between pin and disk [31] Figure 10. Friction coefficient Vs Wt.% of reinforcement
Friction Coefficient Vs Normal load
The influence of normal load on the average value of the frictional coefficient for the unreinforced alloy and nanocomposites is presented in Figure 11 . The test conditions were sliding velocity of 1.3089 m/s and sliding distance of 500 m. The graph shows that an increase in normal load gradually decrease the average frictional coefficient. Higher friction coefficient at lower normal loads is attributed to the following factors; less initial contact of asperities resulted in abrasive action and hence, high frictional coefficient [28] . An increase in the normal load led to good conformity of contact surfaces which reduced the plowing action and friction coefficient. The worn surface ( Figure 13 ) of Al/(0.5 Wt.% B4C+1.5 Wt.% SiC) nanocomposite revealed narrow groves and an almost flat surface. This was due to the presence of hard SiC and B4C nanoparticulates which restricted the flow of material under the applied load. In addition, the worn surface of the nanocomposites has higher hardness and hence the ploughing tendency of the hard asperity of the counter face was less compared to the soft matrix alloy [12, 33, 34] . 
CONCLUSIONS
Monolithic Al and its hybrid Al-nanocomposites were successfully synthesised by ultrasonication assisted casting process. Monolithic Al and hybrid Al-nanocomposites were tested for abrasive wear resistant properties against hard SiC abrasive sheets and the following conclusions arrived. SEM images confirmed the uniform dispersion of hybrid nanoparticles in Al matrix. TEM pictures evaluated the increased dislocation density in nanocomposites compared to the monolithic Al. Vickers microhardness tests revealed that the hardness of nanocomposites increased as the hybrid reinforcement content increased and the maximum hardness improvement of about 67% was observed in the Al/(0.5 B4C+1.5 SiC) nanocomposite sample. Abrasive wear resistance of 6061 Al alloy significantly increased by the addition of hard SiC and B4C nanoparticulates. Nanocomposite with 0.5 Wt.% B4C and 1.5 Wt.% SiC showed superior wear resistance properties with 88.32 % increase in wear resistance compared to monolithic Al. An increase in normal load and speed increases the wear rate of the materials. Frictional coefficients of monolithic Al and its nanocomposites are in the expected range for light metals in dry sliding conditions. The worn surface of Al alloy exhibited deep long grooves along the direction of sliding. It shows that the ploughing mechanism is predominant in Al alloy. The worn surface of nanocomposites revealed narrow groves and almost flat surface. This was due to the presence of hard SiC and B4C nanoparticles which restricted the flow of the material under the applied load. Further studies can focus on studying the abrasive wear behaviour of Al-nanocomposites under different abrasive environments.
